We developed a thermodynamic supersaturation model for plasma-assisted metalorganic chemical vapor deposition of InN. The model is based on the chemical combination of indium with plasma-generated atomic nitrogen ions. Indium supersaturation was analyzed for InN films grown by PA-MOCVD with varying input flow of indium precursor. Raman spectroscopy, X-ray diffraction, and atomic force microscopy provided feedback on structural properties and surface morphology of grown films. Growth
parameter variation effect on In supersaturation was analyzed. InN films grown at varying growth parameters resulting in the same In supersaturation value exhibit similar structural properties and surface morphology.
The III-nitrides (AlN, GaN, InN) are prominent direct bandgap semiconductor materials well known for their optoelectronic and power electronics applications 1, 2, 3 . InN has a bandgap energy of 0.7eV 4 , which makes it a promising material for applications in infrared optoelectronic devices, including emitters, sensors, and tandem solar cells 5 . InN based nanostructures 6 can also be used in devices operating in the THz spectral range. 7 InN growth has been the focus of many studies in the past several decades. InN growth is typically limited to lower growth temperatures due to the low InN dissociation temperature 42 and higher nitrogen equilibrium pressure over the grown InN film surface 43 . Conventionally, the MOCVD growth of III-N is carried out under III-species mass-transport limitation 45, 46, 47 . As a result, the supersaturation for InN growth at given conditions can be obtained by normalizing the difference in the input partial pressure of indium and the equilibrium vapor pressure of In above the InN growth surface.
According to the Burton-Cabrera-Frank (BCF) theory 19 , the behavior of the growth surface is strongly dependent on the supersaturation, that is when the crystal is growing under a supersaturated environment.
Previous studies indicate that the incorporation of the III-metal vacancy is strongly sensitive to the growth stoichiometry during the III-N growth. 20 For a conventional MOCVD process at a constant substrate temperature, the growth stoichiometry seems to be easily controlled by varying the V/III ratio. Lower V/III ratio results in more III-rich conditions. However, this idea gives conflicting outcomes. For example, in work by Saarinen et al. 21 , the Ga vacancies measured by positron annihilation spectroscopy significantly increased from 10 16 to 10 19 cm −3 with the increase of V/III ratio from 1000 to 10,000. However, Xin et al 22 report that higher V/III ratio growth conditions did not exhibit a similar increase in Ga vacancy concentration.
For the PA-MOCVD growth, the use of thermodynamic supersaturation (and hence chemical potential) could prove to be more convenient in evaluating the consequence of III-metal rich or N-rich growth conditions, rather than typically used V/III ratio.
In this letter, the role of the supersaturation in the PA-MOCVD InN growth is studied. A method for determining supersaturation as a function of growth parameters such as input flows and RF power is presented. The surface morphology and the structural properties of grown InN films were found to be strongly correlated with In supersaturation.
Two InN film sample sets (labeled as A and B)
were grown using PA-MOCVD on c-plane Al2O3 wafers offcut at 0.2° towards m-plane. Trimethylindium (TMI) and nitrogen plasma were used as group-III and group-V precursors, respectively. The nitrogen plasma was produced using an RF hollow cathode plasma source.
Nitrogen gas was used as the TMI carrier gas. Phonon mode positions and FWHM were extracted using a multi-peak fit of the experimentally acquired Raman spectra for the samples in this study. The growth rate was determined by fitting interference fringes measured by 
Here is the input partial pressure of indium and is the equilibrium partial pressure of indium at given reaction conditions. The supersaturation of In in the present work was calculated following the procedure described by Koukitu 25, 26, 27, 28, 29 . The total pressure of the system assumed constant during the process can be written as
Where IG stands for "inert" gases that are not contributing to the final product. The reduced total pressure involves only the partial pressures of species included in the chemical reaction and hence is written in as
As described in our previous work 30 , the chemical reaction occurring at the growth surface resulting in solid InN formation is defined by the chemical combination of atomic nitrogen ions * with indium. We introduce the parameter is the ratio of number atomic nitrogen ions to the total number of in-flowing nitrogen molecules to account for a fraction of atomic nitrogen ions * generated by the plasma source from neutral molecular nitrogen. is a function of the reactor pressure and RF power for given nitrogen flow through the plasma source.
The plasma dissociation of N2 into ionized atomic nitrogen and other neutral and ionized molecular nitrogen species can be written as: Following Eq.(4), the reduced pressure in Eq. (3) can be rewritten as
where is the ratio of the input flow of nitrogen to the input flow of indium. The molar conservation considerations give the following relation between partial pressures can be expressed in Eq. (6) .
We solve equations 3, 5 and 6 along with = 2 1/2 , to find a polynomial equation (Eq. (7)) for equilibrium partial pressure of indium .
Eq. (7) can be solved for partial equilibrium pressure of Indium for any growth conditions used for PA-MOCVD of InN. Furthermore, substituting the solution of the Eq. XRD spectra were recorded on several samples from Set B. Figure 5 shows -2 scans for these samples. The similarity of structural properties of samples grown at the same In supersaturation level seen in the Raman spectra and XRD is complemented by the similar behavior of grain sizes determined by AFM. Figure 6 shows 1x1μm 2 AFM micrographs of InN films grown at widely different growth conditions resulting in σ=2. The surfaces of these films exhibited similar surface morphologies with RMS roughness of (4.34±0.07)nm and average grain size of (42.5±2.5)nm. 
